Introduction
Temperature dependent sex determination (TSD) is a mechanism observed in many reptiles whereby an individual's gender as an adult depends on its incubation temperature as an embryo. Previous studies have concentrated on the embryonic mechanisms involved. Here we study choice of nest-site temperature in a laboratory colony of leopard geckoes. Eggs were laid more often at sites with intermediate temperatures than at sites with extreme temperatures.
There was no evidence of any consistent differences among females in nest-site temperatures, and if such differences exist they must be small. If between-female variance in nest choice is also small in nature, sex ratio evolution might be retarded and extreme sex ratios could persist over many generations. More work is needed on natural populations.
Gender is determined by incubation temperature in a wide variety of reptiles (reviewed in Bull 1980 Bull , 1983 Raynaud and Pieau 1985; Gutzke 1987) . Previous work has concentrated on the embryonic rather than the maternal component of sex determination.
Little attention has been paid to maternal choice of nest site although this might be an important determinant of sex ratio and of its evolution. Here we analyse maternal choice of nest-site temperature in captive leopard geckoes in the hope of testing whether females choose nest sites according to temperature and whether different females exhibit consistent differences in the temperatures of their nest sites.
Material and Methods
A colony of leopard geckoes (Eublepharis macularius) was established at the University of Texas. These terrestrial lizards reach approximately 2Ocm in total body length and 50 g in mass. Sex is determined by incubation temperature, with warm 17X Isull ct al.
temperatures producing mostly males and cool temperatures producing all females (Wagner 1980; Bull 1987) . The colony used in this study was founded by geckoes obtained mainly from four other captive colonies; we suspect that a few of the founding lizards were wild-caught, but most were definitely descendants of captive animals. WC studied nest choice characteristics from 43 of the founding females and 5 of their offspring.
Observations on nests were recorded during two discrete egg-laying periods, from March through June 1985, and from January through April 1986. During the 1085 period, animals were housed in one of three wood cages, designated here as 1,2, and 3, each with 120 x 60 cm floor space and an attached 78 x 20 x 30 cm covered glass nesting box with 15-18cm of sand. (Throughout, 'cage' will indicate a confined enclosure of animals and 'box' a portion of a cage used for nesting.) Each cage contained a food tray, water dish, and wood platform under which the lizards could hide. A similar platform was placed over the sand surface in each nest box. Nine animals wcrc housed in one cage, 13 in another, and 19 in the third, the animals being grouped largely according to their colony of origin to prevent transmission of diseases and parasites. Each nesting box rested on a heat source; sand temperatures were in excess of 35" C at one end of the box and approximately 2.5" at the other end.
In 1986a different design was used. Lizards were housed in one of four wood cages, designated here as A, B, C, and D, each with 89 X 4X cm floor space, and each with three attached 66 x 20 x 25 cm glass nesting boxes filled with 1S-18cm of sand. Contact heat sources beneath each box produced a thermal gradient in the sand (with similar profiles among the different boxes). although the temperature ranges wcrc not always as extreme as in 1985. Approximately 13 females were maintained per cage, with animals from the same origin divided nearly equally among cages; animals wcrc assigned to cages randomly within this constraint. Elevated wood platforms were maintained in the cages above the entrances to all nesting boxes, and the nesting boxes were covered with brown paper to darken the interiors.
To initiate egg laying in the cages in each year, the heat was switched on and a male was introduced to each cage to inseminate the females; the males were replaced occasionally throughout the following months. Egg laying commenced 2-4 weeks later. Before ovipositing a female dug a cavity in the sand, laid her eggs in it and covcrcd it with sand. We found eggs by digging through the sand in each nest box. On discovering a clutch a thermometer was inserted into the sand adjacent to the eggs, and the temperature recorded to the nearest 0.5" C bcforc the eggs were removed. In 1086 all nest boxes were searched daily, whereas in 1085 they were scar&cd daily or Its\ often, depending on whether the weight records indicated that eggs had been laid. The starch for eggs disrupted the thermal integrity of the sand somewhat, but the profile of sand temperatures did not change drastically, and re-equilibration was rapid. Water was added to the sand as often as ncccssary to keep it near saturation.
Our immcdiatc objective was to identify for each female the tempcraturcs of rcpcatcd nests. As communal housing in the colony allowed all fcmalcs in a cage to lay eggs at any time, the assignment of clutches to mothers was based on animal weights, tnkcn daily. Females ranged from 25 to SOg, and two eggs (the typical clutch) from 6 to 8g. The loss of eggs was perceived as a 3-7g drop in the mass of an animal, depending on the time clapsed since oviposition. Records indicated that day-to-day weight losses in excess of 2g were virtually unknown except in association with egg laying, so the assignment of clutches to females by this method involved few errors. The method was checked by observing laying and by observations of females housed in isolation.
Marc than one female sometimes laid eggs during the same 24 hr period, so that individual clutches could not be assigned to their mothers. In the analyses requiring the identity of the female to be known, all these ambiguous observations wcrc omitted.
Each female was associated with one or more nest temperature, and each nest identified according to the date, the mother's cage and the nest box (in 1986). Fig. 1 shows the distribution of nest temperatures in 1986.
Results

WC consider two questions:
Were nest sites distributed independently of tcmperaturc'? Did females exhibit consistent differences in their nest-site temperatures? 'Ihc first question is of intcrcst in establishing whether females chose nest sites according to temperature in the artificial conditions of the laboratory. The second is of interest in establishing an upper limit on the heritability of fcmalc choice of nest temperature, which in turn bears on sex ratio evolution.
WC consider whether the sites of oviposition were independent of sand tcmperatures. 'IO test this requires an estimate of the cxpccted distribution of nest tem-peratures for comparison with that observed. Fluctuations in sand temperatures were too great for fine resolution of the distribution of available nest temperatures, so we partitioned sand temperatures into three categories: cool (27" C and below), intermediate (28" to 33"), and warm (34" and above). Viability is high at least over the range 25"-32", with an optimum near 29", but 34" and above is semi-lethal to lethal. Sand temperatures were recorded between 5-8 cm deep at different positions in each nest box, and the relative area of sand in each temperature category was used as the estimate of available nest substrate.
Nest temperatures
were treated as independent observations; the expected number of nests in each category was calculated as the product of the total number of nests times the fraction of sand in each temperature category for each nest box, and these expectations were summed over all boxes within a cage (Table 1 ). There were significant deviations from random in all cages except B. There was a fairly consistent avoidance of warm in favor of intermediate temperatures in both years but avoidance of cool temperatures in comparison with intermediate ones was evident only for 1985. The tests on data summed over all cages ('pooled') indicates the same pattern as the tests on separate cages. The 1986 cages further revealed significant heterogeneity: warm temperature was apparently not avoided in cage B. In doing these tests the expected numbers were ad,justcd proportionately to sum to the same value as the observed numbers. Levels of statistical significance: NS = not significant; * = (P 5 0.05); ** = (P 5 0.01); *'* = (P 5 O.OtlI). All values were assumed to follow a x 2, distribution under the null hypothesis except the heterogcncity values for 1986, which were assumed to follow x2?. There were too few observations to justify analysis of cage 1 in 1985.
A further analysis considered whether females showed consistent differences in choice of temperature.
This analysis used repeated nest temperatures from individual females to determine whether one female's temperatures were more similar to each other than they were to the temperatures chosen by other females. Standard analyses of variance were performed on data consisting of the multiple temperatures assigned to each female for each year, in which each female was classified according to her cage and colony of origin.
In the 1985 data, differences in origins of the animals are confounded with cages, but an analysis of the 1986 data showed no evidence of between-origin
variation. An analysis was therefore done on the combined 1985 and 1986 data, allowing for differences between the 7 cages (thus allowing for the between-year differences) but not allowing for origin. The mean square between individuals allowing for cages was 4.27 with 43 degrees of freedom, while the mean square within individuals was 3.93 with 80 degrees of freedom (F = 1.09, NS). Thus the analysis fails to detect significant differences between individuals. Analyses of the data on the two years separately lead to the same conclusion.
These data may be used to setlimits on the magnitude of between-female variance relative to the within-female variance, which is of interest in establishing an upper limit on the heritability of this trait, if results such as ours apply to natural conditions. Write 02,, and CJ',+ for the true variances between and within individuals. To a good approximation, (2,94,a~h + u~,V)M,V can be taken as an F-variate with 43 and 80 degrees of freedom (as determined by the sample sizes). Using the fact that 0.62 is the lower 5 % point of this F distribution, we can obtain 0.26 as an upper 95 % confidence limit for the ratio CJ*,,/O~,,,. An upper limit for the heritability of female choice of nest temperature under these laboratory conditions is therefore 0.20 (the ratio of o*,, to the total variance), and as this value considers all between-female variance as heritable (i. e., additive genetic), the true heritability would undoubtedly be even smaller than 0.20. There is no evidence of any significant variability between animals, but if such variability does exist, this result indicates that it is small com-pared with the variability between repeat clutches of the same female. A preliminary experiment on females housed in isolation gave similar results. The mean square bctwcen individuals was 5.68 with 13 degrees of freedom, while the mean square within individuals was 4.48 with 7 degrees of freedom (F = 1.27, NS). This experiment was discontinued because females did not seem to lay readily in isolation.
Discussion
A~iciance of Extremes.
In both years, eggs were deposited at high temperatures less often than expected by chance alone; avoidance of cool temperatures was demonstrated only for lY85. The warm category (34°C and above) consists of lethal and semi-lethal tempcraturcs, whereas development is viable at the temperatures in the cool category (25-27"), so the consistent avoidance of warm but inconsistent avoidance of cool tcmperaturcs is not surprising. Of course, demonstrating avoidance ofcxtremc temperaturcs under laboratory conditions may be a trivial exercise: adults obviously avoid extremely cold and extremely hot temperatures at all times, and offering severe extremes to a nesting female will invariably result in her choice of intcrmediate temperatures.
(Frequent oviposition at lethal temperatures might suggest an abnormal response to laboratory conditions.)
Females of many reptiles discriminate among the thermal environments in which they place their embryos (reviewed in Packard, Tracy, and Roth, lY77). Thus, pregnant snakes and lizards maintain different body temperatures than their non-prcgnnnt counterparts, and pregnant females may experience lower thermal fluctuations than non-pregnant females. Alligators construct nests of dead vegetation that maintains the eggs within narrow thermal limits (Chabreck, 1Y73), and the South American crocodilian Puleosuchus trigonatus seeks the warmth of termite mounds for its nests (Magnusson et al., lY85) . British Nutrix are renowned for laying eggs in manure piles, which offers the high temperatures needed to complete development in the short summer (Smith, lY73). Possible nest temperature choice was reported by Stoncburner and Richardson (1981) for sea turtles, in which the females appeared to nest at the site of a steep thermal transition on the nesting beach, and Werner (lYX3) dcscribcd nest site specificity in Galapagos iguanas that may have been based on tcmpcraturc.
No Evidence of Between-Female Vuriance
Dcspitc the evidence that our leopard geckoes chose nest sites on the basis of temperature in the laboratory, our study failed to demonstrate any significant betwccn-female differences in choice of temperature. A low (or zero) between-female variance in choice of nest temperature means that, under these experimental conditions, a female who laid a clutch at a high tcmperaturc was not much more likely to Nat choice i n a captive lizard
1X3
lay subsequent clutches at high temperatures than were other females. This observation therefore indicates that choice of nest temperature was not strongly influenced by any genetic or environmental factor that varied substantially among our females (e. g., age, mass, origin, date of birth, and perhaps incubation temperature). Thcsc tests of significance do not indicate that the between-female variance actually equalled zero, rather that the confidence intervals for the variance merely included zero. However, a further analysis of the nest temperature data indicated that if any true between-female variance existed, it was at best small compared to the within-female variance (0.20 as the upper 95 % confidence limit of the heritability of female choice of nest temperature).
The between-female variance in choice of nest temperature is critical to the population biology of temperature-dependent sex dctcrmination. Sex ratio evolution under this mechanism of sex determination depends on the magnitude of betweenfemale genetic variance in choice of nest temperature in the natural environment. The between-female phenotypic variance (as measured here under laboratory conditions) sets an upper limit on the genetic variance. The sex ratio in these systems can also evolve through changes in the embryonic component of sex determination, but this characteristic is expected to respond slowly to selection: most nests arc tither too warm or too cool for genetic differences among zygotes to influence their sex (cf. Bull 1985 , for turtles), and any genetic variation in this trait will be so rarely expressed that sex ratio selection will be slow to change its mean value (Bulmer and Bull, 19X2) . In contrast, consistent differences between females in their choice of nest temperature would be translated directly into sex ratio differcnccs, and such variation could be selected rapidly. Yet, if the true between-female variance in choice of nest temperature is as low in nature as under our artificial conditions, this second trait also appears to lack variation and would hence be slow to respond to sex ratio selection. Consequently, the sex ratio would change rather slowly when sclccted. Long-term climatic changes might then be accompanied by long-term extremes in the population sex ratio. However, some caution is called for. The best estimate of the heritability of nest-temperature choice, as measured from repeatability, is very low (0.03), but we cannot exclude any value between 0 and 0.20; a heritability of the latter order of magnitude would be high enough to allow a moderate response to selection.
It is of course possible that behavior in the laboratory misrepresents behavior in nature. An indirect method of investigating this is to study the sensitivity of the behavior to different designs in the laboratory: behaviors that are highly sensitive to different laboratory conditions may also be sensitive to the difference between laboratory and field. It is encouraging that there was a low between-female variance in choice of nest temperature in both years of our study and for both caging designs. However, the analysis of avoidance of extreme temperatures revealed significant between-year and between-cage variation, and avoidance of warm temperature was observed more consistently than was avoidance of cool. In any event, we hesitate to extrapolate our results to the behavior of leopard geckoes in nature. There are many variables to consider in investigating female choice of nest temperature, and it is difficult to imagine a single study that could address them all. Despite their obvious drawbacks, laboratory studies offer the benefit of allowing precise manipulations of the environment and of avoiding confounding factors that complicate the interpretation of field results. The present study is only a first step to an understanding of maternal choice of nest-site temperature.
